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IN-SITU FORMATION OF A GRAIN BOUNDARY IN FIELD ION MICROSCOPY USING A LASER.

T. Sakurai, A. Jimbo and H. W. Pickering*

The Institute for Solid State Physics

The University of Tokyo

Minato-ku Tokyo, JAPAN

Abstract

0l Successful formation and real-time observation is .,.,

reported of a grain boundary within a view of a F1 image ..

-" - o

using laser beam irradiation in the presence of a high ..-

electric field. Formation of the grain boundary in a F1

tip appears to be by solid-phase recrystallization due L-tri tion/

A':~tl&~1liy lojes ~
to moderate local heating and extremely high mechanical

Dis ~c'~1-.o

stresses caused by the electric field and laser

irradiation.i-o"

It is now well established that grain boundaries play essential roles in a

wide range of basic kinetic phenomena in polycrystalline materials.

Problems such as intergranular corrosion, segregation, recrystallization texture

and boundary migration or diffusion rates, are all intimately connected to the

nature of the atomic configurations across a grain boundary. Some success in

treating these phenomena has been achieved by theoretical todels of boundary
C2

otructure. However, none of the models are able to describe the

%-!

properties of a monolayer or two on either side of the boundary plane. i.4

- - 1
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Sstudy of grain boundaries is, therefore, 6est cco~~.~n.y

.encai nehous which provide a direct image of local atomic aJrang.c r:: s :c r .s .

thu boundary. Although it is true that some of this information may be

obtained by indirect methods, such as diffraction, there are still considerable

problems in interpretation, particular-ly of the ambiguities present in diffuse .

* 3scattering from non-periodic defects. In this context, TEM (atomic resolution;44

TEM in particular) and FIM are extremely useful and the only techniques capable

of direct imaging of grain boundaries. .

" In spice of this fact, FIM has not found widespread use in the study of

grain boundaries. One of the main reasons for this is that it is extremely

rare to find a graim boundary in the field of a F1 imaging view which encom-

passes only a small area, not more than 10 cm All previous FIM studies of

5,aLf bountltar ±s uti lize the accLdentally-oUnd gIracin . ouL idcy. FIIus

7made by Wolf and by Mueller have never been followed seriously. Recently,

we iave conducted a feasibility test on Wolf's treatment, chat is, applying

aoi work to a wire prior to etching it into a tip. Our finding was unsatis-

t"Accory. This treatment is only sometimes effective in producing a grain

boundary upon annealing. In this paper we report the first successiui ia-sicu

UCaiL oounUary formation in a i*IM using laser irradiation. Thu S'/SLCm Usu"-""

is a conventional field ion microscope which is discussed in detail elsewhere .

•2 -"" S
.N-YAG laser of X - 10600 A (i beam size, 100 mJ/10 ns puised .ailr).

was used. A laser.beam was introduced to the chamber through a 6" OD Dyrdx

glass view-port attached to the side wall of the chamber and irradiuard a "

zip. A set of lenses mounted on a micrometer and neutral f- ... ere"

used to control the beam position and beam intensity. In e ?rescZ1 c :'-.

menc :he second harmonics of 5300 A green light was used for sa-e:.' a,_-

1,a4y focusing. The laser power was varied in the range of 0) co '

The Cxprieafcal ?rocedure is as follows. \ ' ti. i..

2- S. . . ..-- ...



.-1 tL .a t-lii liquefie wit.ie • -r ..

L O:fci of an imag-ing gas (%lO 4Torr) the . VOL a.;i. , anc .

Z.:L .L/.v,-Cj acu field uvaporated until a surface becomes a floo.h h..i-

.)Oihevicai siiape. Then, the tip voltage is lowered to produce cie besc t-iage.

Luser pulses are now applied to the tip.. Using a relatively small power ( 0.1

riJ) Lnht position of the laser beam is brought into the cap of cthe ti. r.hen

the beam position is adjusted to be right at the cap of the tip, one observes

orderly evaporation of the surface atoms, known as laser-enhanced fieid evapo-

9
ration. Then, the laser power is increased gradually to the desired value

while the tip voltage is decreased to maintain the surface evaporation at a

nominai rate (approximately a few layers per sec). Evaporation by the laser

in the presence of the electric field appeared to be well-concrolled. Laser

ir.,I.LLQo1I appears to make a tip blunt much fascer Chan does t ouinar.-

.:iQd evaporation. Thus, the tip voltage was increased gradually co keep the

.. ,_':CLIVC fiela constant. The moment ac which a grain boulaaryL 'rotmiS CaLl ot "

u-juaily bov predicted except for a few cases where minute changes are first

joservud and the formation of a grain boundary follows a moment lacar. There- . .

fore, the laser irradiation was continued until gross changes were observed in

a i ima. u whiie gradually increasing chu tip voltage. The whole .2:uu:¢ce "ias

vi.u--oricovea. Still photos of the F! images were also takna. :;.cy a ;rain

uau.;i., for Ie, zhe laser irradiation was immediately scoppud. ', it t

vvucage was increased to remove surface irregularities until asmoo .,

a.fined irmage was obtained. When damage appeared to be very ,,"-

was anneaied in-situ by Joule-heating. This in-situ anneaiin , i v'

LQ -%scoce a well ordered surface, although a tip radiusiletu::1s .

7-;. 1 shows a typical example oL grain boundary foru.a:l ' .. .:- .--

A ood FL image of a tungsten tip with the (110] axis was obtai=. Z- 3.3

aa~15Z \i; L(a)) . This tip was exposed to thle laser lu -. *

- - - &. na...,.,.. . a ff . t .*



0.4mJ/pulse). The surface layers evaporated rapidly and the tip voltage was

increased intermittently to maintain a constant evaporation rate. A grain-'0

boundary was formed after 10 sec of laser irridation when the tip voltage was '

raised to 6.80 kV. The surface showed some irregularities at the termination of

laser irradiation. The tip voltage was increased to 8.69 kV for field

evaporation and a F1 image (Fig. l(b)) was taken at the best image voltage

(7.877kV) in which one can observe a sharp grain boundary extending from 12 to 7

o'clock. The right side of the grain boundary has essentially the same

crystallographic orientation as the original material although the radius is

larger at 570 than the original 320 . Fig. l(c) is a stereographic

projection of the surface in Fig. 1 (b). It is evident from this map that the

boundary is a twin boundary with respect to the [211] axis, which is also

described as 3 with a rotation of 710 around the (1101 axis. Further

evaporation of the surface layers did not change the geometrical structure of

this surface, suggesting that the grain boundary plane is essentially parallel

to the [110] axis. Fig. 2 shows another example of in-situ grain boundary

formaton by laser irradiation. Laser irradation (i to 10 Hz and 0.3 to 0.5

mJ/pulse) was administered for approximately 40 min to a well-defined clean W

tip imaged initially at 3.73 kV (Fig. 2(a)), when a grain boundary was formed at

the upper left corner. After terminating laser irradiation, the surface was " .

field evaporated to show a clean surface, Fig. 2(b). A grain boundary runs from

12 o'clock to 8 o'clock. An additional 13 layers of field evaporation resulted

in the micrograph, Fig. 2(c), imaged at 4.602 kV. Fig. 2(d) was obtained by

field evaporation of 60 more atomic layers. The grain boundary b-d appears to . .0

move toward the center of the tip, the (110) plane. This is due to the fact

that the boundary plane is not parallel but inclined to the tip axis. A similar

mapping of this surface indicated that this grain boundary is likely to be = -

17 with a rotation of 870 around the (1101 axis.
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......... ~ to create a drain oounuar'; 2.fl i-& uu~ Jf ~J.3

~ .~8LuitCU Lfliflor defects, suci as Screw Ci~LOCatLQLiS, ~.'JCanc'; C~.U~t~rS 0

~.'il~i out no graiti boundary to thu end of thu ux±riluutlc. Tii~ ~ U

or tn~ tips (six) were damaged so extensively by laser irradiation that image

could not be oucained thereafter. Oursuccess rate of over 53 ;~ is sur~risin~iy

~aod and it is fair to say without reservation that a grain boundary can be

ar~ared within a view of a Ft image in a well-controlled fashion.

in order to understand the mechanism of the grain boundary foruation in

a L tip, we evaluated the surface temperature rise during lasur irradiatiun.

T:ie method used here is based on the experimental fact that the evaporation

rt~a at a fixed evaporation rate decreases as the surface t~mp~rature increas'z±s

11 -.and is a unique function of temperature. The evaporation ~.e±c ~as measurec

* V~.L Ul~ ti1i~ Lasor power ~ tile range 0 to 0.5 mJ/lin.:~2 8UU .i~. .~UUi. 22cc

~o the surXice temperature. The result is shown in Fig. 3. The ~uri~acc tu~:wera-

I;: cr~c~ roughly 400 J L.eCS during ].aser irradidci~n ;iL t:c ;~i..l:->.::iuL~i

t:ie ~resenc experiment. The surface temperature rise was cs>~atai

12
jasea on the thermal conduction model that the surface is radiatee ~; a ~.ea:

pu~e r~ .:ur toe first r sec:

3T
-K:-JX 0

At

~4~e .~OiUt..UCI ~, "iven as

"0
T T~ ~- /ct -~--ierfc (x12/Kt) -J

/T--LeLfC (x/2/~t) - /~TET) 2f iurC. :,2..c~-:.I 9

7..e ~a.~uni temperature rise at the surface is

AT = T(x"u, r=~) -

.1 -
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2 in r-he case of a r-un-scen c:Jp, in good agrtzemenc wiz .n:a- reL

su:ILdLe t.±llfe-rLure increase. This rules Out the PosSLOiicy of liquid ?:lase

jliatiflin the formation of a grain boundary by this meciloui _le

:a~kt~L1oC a grain boundary in tile present work i.s, rtIereiore, ±enng' y

.;olid ph~ase recrystallization due to the presence of extremely high st-r,.ss

Zausad by the higch electric field and assisted by a laser heac -pulse. .n

couclusion, we have succeeded for the first time in creating' and observinG a

,rain boundary within a view of a F1 image in-situ using a laser puise. 7his

;.s rtruiv a breakthrougn in che,.FIM study of -rain boundaries andseeatn

ac Zrain boundaries. 
®R
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at V =5. 35 kV.

"tip

). A -rain boundary Z=3 Wi~h-a rot-aion of 71 . r o un i LIe

axis was created by laser irradiation. Tile micr ~

taken at Vtp=7.877 kV upon field evaporation at 3.695 k:V.

Stereographiic map of micrograph (b) .

Amicrograph of clean tung-sten taken at- V 3 273 V ur

irraaiacion produced a >rain boundary .7=17 iharcat o f

37 around the 'LIOO] axis.

I! •

* urcher field evaporat~on of the surface !avers rsu'r"Lec:

JIppMCtLIL lmUVkctU42LIL OL ciQ. d;raiiiUUli~/ U~

ttne tip.

Ur 1.. The~ suritace teulperar-urc ri,;; (al) s u~It J

power.

.-i

• ... . . . . .
"b)C, . A-ri oudr = wh.. ..a.no.7..run -:eil



* :r..
- ,. r .. Lr'

*4.~ ~.~1. 0

-4I~ ~ .1~ l.A.

~r~4 >~c~c~
t.

;:~~;~ .*

S

~ 
-

- ~ S-~-~ ~'

___ 
S _

'.~v ___ 4~ rW'.

_____________ 4~>

.~ 0
* i .- ~4

/C) / -

I

/ S

/ 
-

7N '~-~

I
-- / '~-~~l 

-~ Q\\.
N' -.

I ~ S
-~ \ 'Q* 
~ 

--

- -
~ ~ 9

. . ...........................

_________ * - - ~* * ~ .~. .... .

* -4 3- - . - * -. -. -



* .4

AI A
S -'A

-- ~ 4. kA.Q4~~ g 4v .'~t 4 A r~
U~~~~~~~~~ fJY-I4) 4 :~'~~T "-

c~?:t~f'.~f.A ~v 9~c. ,t44 4. ~

- @$> .4r..~~b!.U ~ ~' 4 A r. " I4

7_ 4 rC ~ .. ~ '~ -

14 Lt> kkh. "4 'It'-

-31--'~- ~f~~p W t "'s\ *t~t~.4C ~ 4 *'~'-ZKQt _ 4"
qkt V;

~~~%v;%~~~J v -1* ,4h*4. - -

N -~'-'...t"Q~ .~/. tr4.4tt...4 ~<.14kr~sktt\,
:A.'.YltfU 'Vl'.~L

It ?qy-p t&''' '16,-



00

00

600 45 0 5
(deg)



1-15

DTIC

.FI M E ......


